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A   of soil profi le water con-

tent are essential for studies of crop water use by soil water 

balance and are important for irrigation management, environ-

mental studies and management, energy and water balance studies 

including those involving weather models, and many other fi elds 

of study and management objectives. In many of these studies 

and management eff orts, the spatial variability of water use is 

also important since it aff ects sensor numbers and management 

methods and technologies needed for good management. For 

example, the degree of spatial variability of evapotranspiration 

(ET) and its response to spatially varying irrigation applications 

is an important question in irrigation research, with implications 

for management methods and irrigation system capabilities such 

as the need for variable-rate irrigation systems. Although weigh-

ing lysimeters can provide accurate data on crop water use, they 

are expensive and are not mobile, limiting the spatial extent, 

soils, and climates in which water use data can be collected. 

Alternatively, crop water use or ET can be estimated during a 

period of time from the soil water balance equation applied to a 

volume of soil called the control volume by

o ETET S P R F=−Δ + + + + ε  [1]

where P is precipitation (including irrigation), Ro is run-on minus 

runoff , F is fl ux (other than infi ltration or ET) into or out of the 

control volume, ΔS is the change in water stored in the control 

volume, and εET is an error term incorporating the sum of errors 

in the other terms on the right-hand side of Eq. [1]. Units are 

typically those of water depth (e.g., millimeters), and the sign 

convention for P, Ro, and F is that fl uxes into the control volume 

are positive, resulting in positive values of ΔS. In accordance with 

common practice, the sign convention for ET is that fl ux away 

from the control volume is positive. Th e control volume is typi-

cally taken as a right rectangular prism of given surface area, the 

top of which begins at the soil surface and which is of depth suf-

fi cient to extend well below the soil zone where root water uptake 

or infi ltration fronts cause rapid changes in water content, thus 

eliminating or minimizing F at the bottom of the volume. Of 

course, this approach is not suitable when a shallow water table 
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Soil water balance studies of profi le water content, changes in stored water, crop water use, and spa  al variability of 
water content and use require accurate soil water determina  ons that are representa  ve across at least fi eld-sized 
areas. Several capacitance and other electromagne  c (EM) sensors are commercially available for use in access tubes 
to determine profi le water content. Scien  sts and prac   oners need to know if they are suitable replacements for the 
neutron moisture meter (NMM) in terms of accuracy and u  lity. In a fi eld calibra  on of the NMM and three EM sensors 
in a Panoche clay loam soil in the San Joaquin Valley of California, three access tubes were installed in a site dried by 
plant water uptake and three were installed in an adjacent plot we  ed to satura  on and allowed to drain. Sensors were 
read and volumetric water content samples taken at several depths at each access tube; calibra  ons of water content 
vs. sensor reading were calculated for each depth and for appropriate combina  ons of depths by regression analysis. 
Calibra  ons for the EM sensors changed rapidly with depth, o  en requiring separate calibra  ons for every 10- or 20-cm 
depth range, and were rela  vely inaccurate (RMSE of 0.015–0.063 m3 m−3). The NMM is the preferred choice for accu-
rate profi le water content and change in storage determina  on. In general, the EM sensors cannot be recommended 
for profi le water content or change in storage determina  ons due to their rela  vely less accurate (larger RMSE values) 
calibra  ons, strong dependence of calibra  on slopes and exponents on depth, probable dependence of the calibra  ons 
on soil bulk electrical conduc  vity (BEC), and the likelihood of BEC changes in the fi eld during the irriga  on season.
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is present and upward fl ux is not negligible, thus preventing easy 

closure of the water balance.

Early studies of crop water use by soil water balance used soil 

core sampling and drying to directly measure the profi le water 

content. After the 1950s, the NMM became widely used for the 

same purpose and had several advantages, including being capable 

of measurements from within access tubes so that repeated, deep 

measurements of the same soil profi le were possible. Th e ability 

to measure the same soil profi le repeatedly increased the precision 

and accuracy of change in storage determinations over what was 

possible with soil coring, which was aff ected by the consider-

able spatial variability of profi le water content in many situations 

(California Department of Water Resources, 1963). In the 1980s, 

sensors based on capacitance or other EM measurement methods 

began to be commercially available. Several of these that operate 

from within plastic or epoxy fi berglass access tubes are currently 

in use. Although many EM sensors are in the form of probes that 

may be directly inserted or buried in the soil, sensors that may be 

used in access tubes are preferred for sensing of soil profi le water 

content for several reasons. Sensors that require burial or inser-

tion usually require the digging of pits that disturb the soil profi le, 

whereas an access tube may be installed with minimal disturbance 

of the soil around the tube. If many fi eld locations are involved, 

the cost of sensors deployed in access tubes may be considerably 

smaller than that of individual sensors inserted or buried to the 

same depth, particularly if movable sensors are used as is the case 

for the NMM. Access tubes may be installed to depths consider-

ably below the depth of rooting and penetration of water from 

irrigation, allowing closure of the water balance and simplifying 

the use of Eq. [1], whereas installation of individual sensors to 

such depths may require costly and destructive excavation.

For a given period of time, ΔS determined by a soil water 

sensor may be represented generally by

( )2 22 2
0 1 i 0 1 1 if fÄ a aa aS a a X a a X a X X= + − + = −  [2]

where the ai, for i = 0, 1, 2, … are coeffi  cients of a generalized 

calibration equation in terms of sensor output, X, determined 

at initial and fi nal times denoted by subscripts i and f. Equation 

[2] shows that inaccuracy in the intercept term, a0, of a cali-

bration does not aff ect the accuracy of ΔS determination. For 

linear calibrations, the value of a2 is unity and only the slope 

term, a1, aff ects the accuracy of ΔS. For nonlinear calibrations, 

both the slope term and the exponent term, a2, aff ect accuracy. 

Other, more complicated calibration models may be required 

for some sensors but the general consequence that accurate slope 

and exponent values are needed to determine ΔS accurately 

remains the same. Th e coeffi  cient values are commonly obtained 

by regression analysis of an appropriate model in terms of volu-

metric water contents, directly measured, vs. sensor output, where 

water content measurements and corresponding sensor readings 

are obtained for a range of water contents either in the labora-

tory or the fi eld.

Although several down-hole EM sensors are now available, 

there is compelling evidence that most are not well suited for 

ET determination by soil water balance for effi  cient irrigation 

management or for studies of the spatial variability of ET. Indeed, 

an international study comparing several down-hole EM sen-

sors vs. the NMM and gravimetric methods concluded that the 

NMM remained the only reliably accurate sensor method for soil 

water content and change in storage determinations (Evett et al., 

2008). Several studies of EM sensors have noted that calibrations 

are needed for diff erent soil textures and mineralogies, diff erent 

levels of soil bulk electrical conductivity, and thus diff erent soil 

temperatures and depths (Baumhardt et al., 2000; Evett et al., 

2006; Kelleners et al., 2004a,b; Logsdon, 2007; Schwank and 

Green, 2007). Other studies have shown that fi eld calibration of 

EM sensors resulted in relatively small coeffi  cients of determina-

tion in the regression relationship and relatively poor accuracy of 

estimated water contents compared with the NMM or gravimet-

ric measurements (Evett and Steiner, 1995; Heathman, 1993). 

Calibrations in repacked soil columns have produced calibration 

equations that would be considered accurate due to their low 

RMSE of regression (e.g., Paltineanu and Starr, 1997). Th e uni-

formity of packing plus the small volume of soil sensed by some 

EM sensors (Evett et al., 2006; Schwank et al., 2006) brings into 

question, however, how appropriate such calibrations are for a 

fi eld soil, which is likely to be much less uniform in bulk density 

and water content on a small scale. Preliminary studies of the 

spatial variability of profi le water content indicated that some 

EM sensors were not representative of the spatial variability of 

water content (Evett and Cepuder, 2008).

All EM sensors generate an electrical signal and measure 

some property (typically a resonant frequency or travel time) of 

the response of this signal to changes in the apparent permit-

tivity of the soil, εa, which can be aff ected by the texture and 

electrical conductivity of the soil. For a signal at a single angular 

frequency, ω, the eff ect of direct-current electrical conductivity, 

σdc, on the apparent permittivity can be represented by (Robinson 

et al., 2003)

0.52

dc
a relax

o

1 1
2

⎛ ⎞⎧ ⎫⎪ ⎪ ⎟⎡ ⎤⎜ ⎛ ⎞′ ⎟σμε ⎪ ⎪⎜ ⎟⎪ ⎪⎜ ⎟⎢ ⎥⎜ ′′ ′⎟ε = + + ε + ε ⎟⎜⎨ ⎬⎜ ⎟ ⎟⎢ ⎥⎜ ⎟⎜⎪ ⎪⎜ ωε ⎟⎝ ⎠⎢ ⎥⎪ ⎪⎜ ⎟⎣ ⎦⎜ ⎪ ⎪⎩ ⎭⎝ ⎠
 [3]

where ε′ is the real component of the complex dielectric per-

mittivity, ε′′relax is the increase in permittivity due to relaxation 

losses, and εo is the permittivity of free space (8.854 × 10−12 F 

m−1). Th e value of ε′ is largely dependent on the permittivity of 

the free water in the soil, but the value of εa depends also on the 

measurement frequency, the value of σdc, and relaxation eff ects 

that increase with soil surface area (texture eff ect). Th us, the tem-

perature sensitivity of EM methods is due to, among other eff ects, 

the temperature sensitivity of the soil bulk electrical conductivity 

(σa, S m−1), the negative temperature dependence of the permit-

tivity of free water (−0.41 to −0.33 °C−1 from 0 to 40°C), and 

the eff ect of σa changes on the eff ective measurement frequency 

(Evett et al., 2005, 2006; Kelleners et al., 2005). Th e apparent 

permittivity may also increase with the release of bound water 

from soil particle surfaces as temperature increases (Wraith and 

Or, 1999), although Evett et al. (2006) concluded that the eff ect 

of the loss tangent, σa/(ωεo), dominated in the three soils they 

studied. Numerous studies under irrigated conditions document 

increasing σa with soil depth and water content and the temporal 

variation of σa (e.g., Rhoades, 1972; Rhoades et al., 1981, 1999), 

raising the question of the suitability of EM sensors for water 

content determination under these conditions.

In this study, our objectives were to: (i) calibrate three EM 

sensors and the NMM in the fi eld; (ii) compare the ease and 
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accuracy of calibrations; (iii) discern if, and understand how, vary-

ing soil properties aff ected the calibrations; and (iv) compare the 

utility of the calibrations and implications for usefulness of the 

sensors in fi eld studies.

Materials and Methods
Calibrations were conducted in conjunction with a fi eld 

experiment on spatial variability that was conducted in 2005 at 

the University of California West Side Research and Extension 

Center in Fresno County near Five Points in the San Joaquin 

Valley (formerly known as the West Side Field Station, 36°20′10″ 
N, 120°6′46″ W). Th e soil was a Panoche clay loam soil (fi ne-

loamy, mixed, superactive, thermic Typic Haplocambid). Fritschi 

et al. (2003) described the soil as having a pH of 7.8 in the top 

0.6 m and an electrical conductivity (saturation paste extract) of 

1.1 dS m−1 in the top 0.3 m and 0.7 dS m−1 in the 0.3- to 0.6-m 

depth range. Th e soil is a clay loam at the surface and to the 

91-cm depth, then grades to a silty clay or silty clay loam below 

that (Table 1). Th e Panoche soil has three diagnostic horizons: 

an ochric epipedon from 0 to 18 cm (Ap), a cambic horizon 

from 18 to 61 cm (Bw), and a zone of redistribution of car-

bonates or gypsum (from the cambic horizon) from 61 to 152 

cm (Bk) (NRCS, 2002). Th ese soils were originally classifi ed as 

Torriorthents, but were reclassifi ed after heavy irrigation caused 

redistribution of carbonates or gypsum, thus forming the Bw and 

Bk horizons. Th us, the depth of the interface between Bw and Bk 

is somewhat a function of the number of years since irrigation 

began and the intensity of irrigation.

Sensors used were a NMM (Model 503DR1.5, Campbell 

Pacifi c Nuclear International, Concord, CA), and three capaci-

tance sensors (Model PR2/6, Delta-T Devices, Cambridge, 

UK; Models Diviner 2000 and EnviroSCAN, Sentek Sensor 

Technologies, Stepney, SA, Australia). Th ese were the same as 

those used by Evett et al. (2006) in a calibration performed in 

soil columns of three U.S. Great Plains soils, except that the 

Delta-T PR1/6 was replaced by a newer model PR2/6, and the 

Trime T3 tube probe was unavailable for calibration due to failure 

of its electronics. Th e NMM was calibrated in the Trime access 

tubes, however, since it was desired to obtain fi eld readings for 

other studies in the same access tubes for both the NMM and 

Trime, and because the Trime access tube was the same size as that 

normally used for the NMM. All sensors were designed to make 

readings from within access tubes.

Reading depths were the default depths for the Diviner and 

PR2/6 sensors (Table 2). Th e 10-cm uppermost depth and 10-cm 

increments in depth for the EnviroSCAN were the default for 

that instrument, but since only 16 sensors can be read on one 

EnviroSCAN sensor string, a method was devised to obtain 20 

readings (to 200-cm total depth). Ten sensors were placed on the 

sensor string backbone at 20-cm increments, with the uppermost 

sensor placed so as to read at the 20-cm depth. A set of readings 

was taken with the sensor string in place in the access tube, and 

a second set of readings was obtained with the backbone moved 

upward by 10 cm, thus obtaining readings at every 10-cm depth 

increment. Reading depths for the NMM were determined by 

the fact that in this and other fi eld studies the NMM and Trime 

T3 were read in the same access tubes and at the same depths for 

purposes of comparison, so readings were taken at depths that 

would allow the Trime sensor to sense water content throughout 

the profi le without gaps between readings. Th e depth increment 

for readings was slightly smaller than the 20-cm increment that 

we have used in other studies involving the NMM.

For each type of sensor, three access tubes were installed 

vertically in each of two 4- by 6-m plots at the northwest corner 

of a fi eld that was used for a companion study of spatial variability 

of water content readings from the sensors (reported separately), 

for a total of six access tubes for each device. Access tubes were 

placed 1.5 m apart. Access tube installation used factory tools and 

methods, plus tools and methods developed at the USDA-ARS 

T  1. Soil texture changes with depth in the Panoche soil at the 
West Side Field Sta  on. Data to 152-cm depth are from Nielsen et 
al. (1964) and data for depths below 152 cm are from Nielsen et 
al. (1973). Depths are rounded to the nearest cen  meter.

Depth
Sand

(>0.05 mm)
Silt

(0.002–0.050 mm)
Clay

(<0.002 mm)
Texture

cm ———————————— % ————————————

0–15 31.3 28.8 39.9 clay loam

15–30 39.7 24.0 36.3 clay loam

30–46 41.3 24.9 33.8 clay loam

46–61 29.5 30.6 39.9 clay loam

61–76 31.7 33.2 35.1 clay loam

76–91 33.2 31.3 35.5 clay loam

91–107 14.8 44.7 40.5 silty clay

107–122 9.6 50.6 39.8 silty clay

122–137 19.4 42.7 37.9 silty clay loam

137–152 13.4 44.3 42.3 silty clay

152–178 21.4 35.6 43 silty clay

178–183 20.7 35.3 44 silty clay

T  2. Depths of centers of readings in access tubes for the neu-
tron moisture meter (NMM) and three electromagne  c soil water 
content sensors. Mean soil bulk densi  es are given for samples 
taken at the Sentek access tubes (used for EnviroSCAN and Diviner 
2000 sensors).

Depth
Bulk density

NMM PR2/6 EnviroSCAN Diviner 2000

——————————————— cm ——————————————— Mg m−3

8.75 10 10 10 1.16
26.25 20 20 20 1.23
43.75 30 30 30 1.31
61.25 40 40 40 1.27
78.75 60 50 50 1.25
96.25 100 60 60 1.23
113.75 70 70 1.25
131.25 80 80 1.18
148.75 90 90 1.19
166.25 100 100 1.16
183.75 110 110 1.13
201.25 120 120 1.15

130 130 1.18
140 140 1.20
150 150 1.22
160 160 1.19
170 1.14
180 1.12
190 1.14
200 1.15



www.vadosezonejournal.org · Vol. 7, No. 3, August 2008 995

laboratory at Bushland, TX (Evett and Cepuder, 2008; Laurent 

and Evett, 2008). Th e Diviner 2000 and EnviroSCAN sensors 

were used in the same polyvinyl chloride access tubes, which 

were obtained from the manufacturer. Th e PR2/6 was used in 

factory-issue fi berglass/epoxy access tubes. Th e NMM was used 

in the polycarbonate access tubes normally used with the Trime 

T3 probe.

To achieve a wide range of water contents, one plot was 

allowed to dry by drainage and plant water uptake after irrigation 

was terminated in mid-August. Th e other plot was bermed and 

water was ponded on it until the wetting front reached the 2-m 

depth. Plots were adjacent so that lateral fl ux from the ponded 

plot would partially wet the fi rst row of access tubes in the dry 

plot so that a range of intermediate water contents might be 

achieved. To avoid rapid changes in water content during sam-

pling, sensor readings and sampling commenced after the wet plot 

had drained for 3 d after the cessation of ponding.

For the EM sensors, six sensor readings were taken in each 

access tube at each depth and averaged to one mean reading for 

each depth in each access tube. Each reading with the PR2/6 

was the average of three readings, taken with the probe rotated 

120° between readings. Voltage readings from the PR2/6 were 

converted to electrical permittivity values using the equation 

given in the user manual. Both voltage readings and permittiv-

ity values were used in regression analysis. For the Diviner and 

EnviroSCAN sensors, reference sensor counts were obtained with 

the sensors in an access tube surrounded by water (Cw) and in 

one surrounded by air (Ca) per user manual instructions, and the 

scaled frequency, SF (unitless), was calculated as

a s

a w

SF
C C

C C

−
=

−
 [4]

where Cs is the count in the access tube in the soil. Procedures 

for NMM operation were described in Evett and Steiner (1995) 

and Hignett and Evett (2002), including use of a depth control 

stand (Evett et al., 2003).

After sensor readings were obtained at each access tube, six 

volumetric soil samples were taken centered at the uppermost 

depth of sensor reading and four samples were taken at each read-

ing depth below that, all immediately adjacent to the access tube 

(approximately 2 cm from the tube due to the size of the sam-

pler). Soil samples were taken using a double ring sampler (Model 

0200, SoilMoisture, Santa Barbara, CA). Inner rings were brass 

cylinders (5.4-cm diameter, 6-cm length, 137.4-cm3 volume). An 

excavation was made by backhoe alongside each access tube to the 

2-m depth and about 30 cm laterally from the access tube. Soil 

was removed from the side of the excavation to expose the access 

tube, using a straight shovel to avoid compacting the soil close 

to the access tube, and soil samples were taken. To minimize the 

time between sensor readings and soil sampling in the wet plot, 

sensor readings and soil sampling of the second access tube was 

not started until the fi rst was completely fi nished and the exca-

vation refi lled with its original soil. Th is procedure was repeated 

for the third access tube in the wet plot. Samples were dried for 

24 h at 105°C and the mass of water lost on drying converted to 

volume by dividing by the density of water, which was assumed 

to be 1.00 g cm−3. Volumetric water content for each sample was 

calculated as the volume of water lost on drying divided by the 

volume of the sample. Bulk density was calculated as the dried 

soil mass divided by the volume of the sample.

Average volumetric water contents (θ, m3 m−3) and bulk 

densities (ρb, Mg m−3) and the sample SDs of θ and ρb were 

calculated for each depth at each access tube. All data plus the 

mean and SD values for each depth were plotted to help iden-

tify outliers. Since outliers were a mean of data from four or 

six samples, data for each sample were examined and those that 

exhibited much larger than average ρb and θ, indicating compres-

sion of the sample, were discarded and the mean recalculated. For 

each sensor, linear or nonlinear regressions were calculated for 

mean measured θ vs. sensor output for each depth of reading and 

were plotted to help identify outliers and to identify changes of 

calibration slope with depth. For adjacent depths having nearly 

identical slopes, data were combined into common calibrations. 

Regressions were calculated using SigmaPlot software (version 

10.0, Systat Software, San Jose, CA).

Results and Discussion
After evaluating outliers, six of 948 volumetric soil samples 

taken were discarded from the statistical analysis. Th e six samples 

were compressed during sampling. Sample dilation (usually shat-

tering), which results in simultaneously smaller θ and ρb, was 

not observed in this data set. Mean ρb values were 1.19, 1.20, 

and 1.21 Mg m−3 and mean SDs were 0.05, 0.05, and 0.06 

Mg m−3 for samples taken around the Sentek (EnviroSCAN and 

Diviner) access tubes, the Trime (NMM) access tubes, and the 

PR2/6 access tubes, respectively. Bulk density was smaller at the 

10-cm depth (1.16 Mg m−3) than in the 20- to 70-cm depth 

range (mean of 1.26 Mg m−3) and was again smaller below 70 

cm (mean of 1.17 Mg m−3), but did not vary greatly with depth, 

ranging from 1.12 to 1.31 Mg m−3 (Table 2). Bulk densities 

measured around the NMM and PR2/6 access tubes were simi-

lar to those measured around the Sentek access tubes. Mean θ 
values were 0.253, 0.257, and 0.247 m3 m−3 and mean sample 

SDs were 0.019, 0.024, and 0.018 m3 m−3 for samples taken 

around the Sentek, Trime, and PR2/6 access tubes, respectively. 

Th ere was no pattern of larger SD values associated with access 

tubes nearest the border between the adjacent dry and wet plots, 

indicating that the wetting protocol did not result in excessively 

large heterogeneity of θ at those access tubes. Th e slightly larger 

SD of water content for samples taken around the Trime (NMM) 

access tubes was due to a sand lens that occurred at one of the 

access tubes. Data from the sand lens were not discarded.

Calibrations for the NMM were typical of those in desert or 

semiarid soils with a horizon of carbonate or gypsum accumula-

tion in that there was a separation of calibration slopes between 

that for the cambic horizon (26–114 cm) and that for the Bk 

horizon (131–201 cm) (Table 3, Fig. 1A). Th e larger slope for the 

deeper Bk horizon is the reverse of what is typically seen (Evett 

et al., 2007), however, probably partially due to the increased 

clay content below approximately 1-m depth (Table 1), and per-

haps indicating that the carbonate or gypsum accumulation was 

weak and that the eff ect of soil textural diff erences exceeded the 

eff ect of carbonate or gypsum accumulation. Still, the depth of 

the separation between calibration slopes may indicate that the 

cambic horizon here extends to approximately 1.2 m, deeper than 

typical for the Panoche soil, probably due to intensive irriga-

tion at the fi eld station. Th e separate calibration equation for the 
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8.8-cm depth is typical of NMM calibrations at shallow depths 

in that the intercept was greater than those for the deeper cali-

brations. Th e coeffi  cients of determination, >0.9, were typical 

for a calibration using wet and dry plots, but the RMSEs of 

regression ranging from 0.014 to 0.021 m3 m−3 were slightly 

larger than typical, possibly because of the double ring sampler 

used, which is not recommended for volumetric water content 

sampling (Hignett and Evett, 2002).

In contrast, for the PR2/6 there were separate calibration 

equations for each depth except for the combined calibration 

for the 30- and 40-cm depths, which plotted together (Table 3, 

Fig. 1B). Except for the 10-cm depth, calibration lines moved 

progressively, with depth, to larger values of bulk electrical 

permittivity, εa, for a given value of θ, indicating progressively 

smaller sensitivity to changes in εa as depth increased. Th is is 

indicative of an increase in the imaginary component of the 

permittivity, probably related mostly to an increase in the loss 

tangent resulting from increasing bulk electrical conductivity 

with depth, since the soil texture is quite uniform within the 

top 1 m of soil and thus could not account for the diff erences in 

calibrations. Coeffi  cients of determination ranged from 0.600 

to 0.982 and RMSE values ranged from 0.015 to 0.063 m3 m−3, 

indicating that calibration accuracy was variable and could cause 

large errors in profi le water content determination. Serious errors 

in θ and ΔS will occur if salinity and its variation with depth are 

large and vary across the fi eld, rendering this instrument unus-

able for spatial variability studies in all but very uniform soils. 

Irrigation management using this sensor would be diffi  cult since 

the accuracy of water contents would depend on placement of 

the sensor in the fi eld. Nonlinear regressions of water content 

vs. PR2/6 voltage output resulted in very similar trends and are 

not shown here.

Similar to the PR2/6, calibration results for the Diviner 2000 

showed a trend with increasing depth of decreasing sensitivity of 

the scaled frequency, SF, to θ (and thus of εa to θ; Table 3, Fig. 

2A). While the relationship between the SF and εa is complex 

(Kelleners et al., 2004a,b), it is known that SF increases with εa. 

We postulate that increases of σa with depth caused increases in 

εa that were not related to water content per se, thus reducing 

the sensitivity of the SF to water content, similar to the sensitiv-

ity reduction with depth shown for the PR2/6. Th e smaller r2 

values of calibrations for the 90- to 100- and 110- to 160-cm 

depth ranges are more a refl ection of the lack of sensitivity of the 

SF to water content than to increased scatter in the data. Five 

calibration equations were needed for the 160-cm-deep profi le 

sensed by the Diviner 2000. Th e range of RMSE values from 

0.018 to 0.044 m3 m−3 indicates less accuracy than for the NMM. 

Calibrations for depths >70 cm plotted to the right (>SF for a 

given water content) of the calibration of Evett et al. (2006), 

which itself plotted to the right of the factory calibration (Fig. 

2A). Like the calibration of Evett et al. (2006) in a clay loam soil 

in which σa increased with water content to 2 dS m−1 near satu-

ration, calibrations in the Panoche soil indicated much smaller 

T  3. Calibra  on equa  ons by corresponding depth ranges for the 
neutron moisture meter (NMM) and three electromagne  c soil water 
content sensors used in access tubes. The root mean squared error 
(RMSE) and coeffi  cient of determina  on (r2) are shown.

Sensor Depth Calibra  on equa  on† RMSE r2

cm m3 m−3

NMM 8.8 θ = −0.031 + 0.2839 CR
0.021 0.973

26–114 θ = −0.092 + 0.2440 CR
0.016 0.959

131–201 θ = −0.136 + 0.2827 CR
0.014 0.979

PR2/6 10 θ = −0.087 + 0.1080 ε0.5 0.024 0.971

20 θ = 0.093 + 0.0503 ε0.5 0.063 0.600

30–40 θ = 0.101 + 0.0395 ε0.5 0.032 0.774

60 θ = −0.090 + 0.0769 ε0.5 0.030 0.845

100 θ = −0.326 + 0.1001 ε0.5 0.015 0.982

Diviner 2000 10–40 θ = 0.3491 (SF)1.526 0.029 0.905

50 and 60 θ = 0.3318 (SF)1.829 0.018 0.936

70 and 80 θ = 0.2900 (SF)2.876 0.023 0.930

90 and 100 θ = 0.2638 (SF)4.621 0.040 0.812

110–160 θ = 0.2384 (SF)5.813 0.044 0.669

EnviroSCAN 10–40 θ = 0.3576 (SF)1.144 0.025 0.931

50 and 60 θ = 0.3626 (SF)1.310 0.021 0.913

70 and 80 θ = 0.3133 (SF)2.131 0.025 0.916

90 and 100 θ = 0.2932 (SF)3.339 0.039 0.824

110 and 120 θ = 0.2709 (SF)4.566 0.031 0.858

130–150 θ = 0.3058 (SF)7.079 0.051 0.511

160–200 θ = 0.3047 (SF)3.390 0.039 0.635

† θ, volumetric water content; CR, count ra  o; ε, dielectric permi   vity; SF, 
scaled frequency.

F . 1. Measured water content and sensor output: (A) calibra  ons 
for the neutron moisture meter in rela  on to the count ra  o; (B) 
calibra  ons for the Delta-T PR2/6 in rela  on to the square root of 
the reported permi   vity, ε.
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sensitivity of the SF to water content changes at the wet end than 

at the dry end.

EnviroSCAN sensor calibrations were similar to those 

obtained for the Diviner 2000 (Table 3, Fig. 2B). Sensitivity of 

the SF to water content decreased uniformly with depth up to 

150 cm. Th e calibration for the 160- to 200-cm depth range was 

similar to that for the 90- to 100-cm depth range. Th e range of 

RMSE values (0.021–0.051 m3 m−3) and r2 values (0.511–0.931) 

were similar to those obtained for the Diviner 2000, although 

RMSE values were slightly smaller for the Diviner, which operates 

at a greater frequency than does the EnviroSCAN and so should 

be less sensitive to bulk electrical conductivity. Calibrations were 

not similar to either the factory calibration or that of Baumhardt 

et al. (2000), which was similar to that of Evett et al. (2006). 

Both of the latter calibrations were done in soil columns of similar 

clay loam soils that exhibited increasing bulk electrical conductiv-

ity as they wet due to expanding lattice clays but were not saline. 

Similar to the results for the Diviner 2000, calibrations for depths 

>70 cm plotted to the right of the factory calibration and that of 

Baumhardt et al. (2000).

Scaled frequencies from both the EnviroSCAN and 

Diviner 2000 exceeded unity at the wet end for all depths 

and even at intermediate water contents for deeper depths. 

In theory, SF should be less than unity since SF = 1 for pure 

water surrounding the access tube. Values of unity or greater 

indicate that bulk electrical conductivity infl uenced sensor soil 

counts, Cs, decreasing them to values smaller than the pure 

water count, Cw.

Rela  ve U  lity of the Calibra  ons

With its relatively better accuracy (i.e., smaller RMSE values) 

and only three equations needed for the entire 200-cm-deep 

profi le, the NMM is the sensor most likely to provide accurate 

profi le water contents and change in storage values. Due to the 

similarity of the calibrations for the cambic horizon (26–114 cm) 

and the Bk horizon (131–201 cm), lack of knowledge across the 

fi eld about the depth to the interface between these horizons will 

not have large eff ects on the accuracy of profi le water contents 

from the NMM. In contrast, the numerous calibration equa-

tions needed for the EM sensors, and the fact that calibration 

slopes and exponents changed greatly with depth, combine to 

make the use of these calibrations across the fi eld problematic. 

If soil properties change spatially (texture or σa at any depth) or 

temporally (e.g., σa changes during the irrigation season), the 

relative inaccuracy of the calibration equations obtained for the 

EM sensors will be compounded by inaccuracies caused by those 

changes. For example, in irrigated soils of California, variations 

of σa of as much as 12 dS m−1 can occur across distances of <1 m 

(Burt et al., 2003), and diff erences equally as large can occur from 

year to year or even within an irrigation season in one location in 

a fi eld (Hanson et al., 2003). Corwin and Lesch (2005), citing 

numerous studies in California, explained how σa could vary ver-

tically and horizontally according to irrigation practices, position 

within a crop bed, texture, bulk density, organic matter content, 

soil temperature, salt content, and water content. Nielsen et al. 

(1973) noted considerable spatial variability of several soil proper-

ties at the West Side Field Station. While we conjecture that σa 

increased with depth in this study, there is no other reasonable 

explanation for the results obtained; there are many observations 

in other studies of increasing σa with depth under irrigation in 

arid and semiarid environments. Th e bulk density changes with 

depth that we observed were not suffi  cient to explain the diff er-

ences in EM sensor calibrations with depth.

Although not directly related to the calibrations, the relatively 

shallow depth of measurement possible with the PR2/6 (1 m), 

Diviner 2000 (1.6 m), and EnviroSCAN (normally limited to 

1.6 m unless gaps are allowed between sensors) makes them inap-

propriate for water use studies of deep-rooted crops. For example, 

Phene et al. (1991) measured corn (Zea mays L.) roots extending 

to depths >2 m in the Panoche soil at the West Side Field Station 

under drip irrigation. Also, Musick et al. (1994) reported winter 

wheat (Triticum aestivum L.) water uptake to depths of 2.4 m in 

a Pullman clay loam and increased the depth of sampling accord-

ingly; Cai et al. (2000) observed winter wheat water uptake to 

depths of 2.5 m in a deep silt loam soil in the southern Chinese 

loess plateau. Grimes et al. (1975) observed cotton (Gossypium 
hirsutum L.) rooting to depths of 1.83 m in the Panoche soil at 

the West Side Field Station, with root length densities of 1.12 

and 0.49 m m−3 at that depth for cotton and corn, respectively. 

Sugarbeet (Beta vulgaris L. subsp. vulgaris) water uptake occurred 

to 2.25 m on the Panoche soil at the West Side Field Station 

(Howell et al., 1987) and to as deep as 3.0 m on the Pullman clay 

loam at Bushland, TX (Winters, 1980).

F . 2. Directly measured water content vs. sensor output: (A) 
calibra  ons for the Diviner 2000 in rela  on to the scaled frequency 
compared with the calibra  on of Eve   et al. (2006); (B) calibra-
 ons for the EnviroSCAN in rela  on to scaled frequency compared 

with both the calibra  on of Baumhardt et al. (2000) and the factory 
calibra  on. The regression for the 160- to 200-cm depth range nearly 
overlaps that for the combined data from the 90- and 100-cm depths.
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Th ere were large diff erences in profi le water contents esti-

mated using factory calibrations and those that were directly 

measured around each access tube (Fig. 3). To compare diff er-

ences in the soil water storage as estimated using both factory 

calibrations and the soil-specifi c calibrations developed in this 

study, we calculated the water content of the soil in the profi le 

from 0- to 105-cm depth (Table 4). Th is depth range was chosen 

to accommodate the PR2/6, which measures only to the 100-cm 

depth and slightly below. Using factory calibrations, the diff er-

ences in storage between the wet site and dry site were most 

accurately estimated by the NMM (Table 4). Th e three EM sen-

sors all showed depth-dependent bias in estimated water contents 

using factory calibrations, while the NMM did not (Fig. 3). It 

should be noted that even though errors in water content estima-

tion were large, it could still happen that in a particular situation 

the change in storage might (accidentally) be estimated well. But 

in general this is not likely.

Although soil-specifi c calibrations improved the depth-

dependent bias (fi gure not shown), the improvement in estimates 

of both the soil water storage and the diff erence in storage 

between the wet and dry sites was modest for the EM sensors 

compared with the improvement for the NMM (Table 4). Using 

soil-specifi c calibrations, the absolute error in diff erence in stor-

age between wet and dry sites was 2 mm for the NMM, 18 mm 

for the PR2/6, 23 mm for the Diviner 2000, and 28 mm for 

the EnviroSCAN. Th e implications for determination of the 

change in soil water storage for plant water use studies are (i) that 

using factory calibrations can result in large errors even when 

calculating diff erences in water content, and (ii) that soil-specifi c 

calibration of EM sensors may not improve the change in stor-

age estimates enough in some soils to be useful for plant water 

use determination. Finally, we point out that laboratory calibra-

tions (e.g., Paltineanu and Starr, 1997; Baumhardt et al., 2000; 

Evett et al., 2006) typically have combined soils from layers that 

appeared to be similar, often considering that the soil profi le was 

represented by only one or two soil types. A laboratory calibra-

tion of the soil studied here might easily have focused only on 

the diff erence in texture (clay loam above 1-m depth and silty 

clay below 1 m) and thus would have produced two calibration 

F . 3. Profi le water contents as es  mated using factory calibra-
 ons (le   column) and as directly measured by soil coring around 

each access tube (right column). Mean values for the wet site are 
shown by solid lines and for the dry site by broken lines. The same 
access tubes were used for both of the Sentek sensors (Diviner 
2000 and EnviroSCAN). Separate access tubes were used for the 
neutron moisture meter and Delta-T PR2/6 sensors, which have 
diff erent diameters.

T  4. Mean profi le water contents in depth of water from 0- to 
105-cm depth for the wet site, dry site, and the diff erence in stor-
age between the wet and dry sites (ΔS) as directly measured by 
soil coring (DM) around each access tube for the neutron moisture 
meter (NMM), the Sentek sensors, and the Delta-T PR2/6 sensor. 
Also shown are mean profi le water contents es  mated using the 
factory and soil-specifi c calibra  ons for the NMM, Sentek sen-
sors (EnviroSCAN and Diviner 2000, which used the same access 
tubes), and the PR2/6. Numbers in parentheses are standard 
devia  ons for the three access tubes in the wet site and three in 
the dry site.

Method Wet site Dry site ΔS
Diff erence 

from DM ΔS

——————————  mm ——————————

NMM DM 347 (24.7) 173 (10.8) 174

NMM factory 
calibra  on

333 (10.7) 198 (10.8) 135 −39

NMM soil-specifi c 
calibra  on

349 (14.6) 173 (13.5) 176 2

Sentek DM 348 (20.2) 182 (5.0) 166

EnviroSCAN factory 
calibra  on

494 (44.8) 258 (38.0) 236 70

EnviroSCAN soil-
specifi c calibra  on

330 (23.6) 191 (4.4) 138 −28

Diviner 2000 factory 
calibra  on

494 (50.3) 241 (8.6) 253 87

Diviner 2000 soil-
specifi c calibra  on

330 (21.8) 187 (7.2) 143 −23

PR2/6 DM 340 (10.2) 180 (2.9) 160

PR2/6 factory 
calibra  on

453 (34.8) 239 (29.0) 214 54

PR2/6 soil-specifi c 
calibra  on

332 (17.3) 190 (11.2) 142 −18
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equations for the sensors studied here, a result that would have 

been completely inadequate to characterize the depth-dependent 

changes in calibration found here.

Conclusions
Because of spatial changes in soil properties and relatively 

large calibration inaccuracy, the EM sensor calibrations would 

have limited utility in the fi eld studied. Compared with the 

EM sensors, the NMM was more accurate, was insensitive to 

soil property changes with depth, and required only three cali-

brations for the entire 200-cm profi le, including the requisite 

calibration for shallow depth measurements. Also, the diff erence 

in calibrations for the Bw and Bk horizons was small, making 

overall accuracy relatively insensitive to the depth of the inter-

face between these horizons. In general, the EM sensors cannot 

be recommended for profi le water content or change in stor-

age determinations due to their relatively less accurate (larger 

RMSE values) calibrations, strong dependence of calibration 

slopes and exponents on depth, probable dependence of the 

calibrations on soil σa, and the likelihood of σa changes in the 

fi eld during the irrigation season. Indeed, since σa aff ects cali-

bration so strongly, the simple act of wetting a profi le to provide 

a wet site for calibration may aff ect the calibration appreciably 

due to the strong dependence of σa on water content. Th e rela-

tively greater accuracy of the NMM calibrations and its relative 

lack of sensitivity to spatial changes in soil properties other than 

water content make the NMM the preferred choice for accu-

rate profi le water content and change in storage determinations, 

particularly in studies of the spatial variability of the soil water 

balance and crop water use.
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